Transcription factor-induced reprogramming of somatic cells to pluripotency is mediated via profound alterations in the epigenetic landscape. The histone variant macroH2A1 (mH2A1) is a barrier to the cellular reprogramming process. We demonstrate here that mH2A1 blocks reprogramming and contributes to the preservation of cell identity by trapping cells at the very early stages of the process, namely, at the mesenchymal-to-epithelial transition (MET). We provide a comprehensive analysis of the genomic sites occupied by the mH2A1 nucleosomes in human fibroblasts and embryonic stem (ES) cells and how they affect the reprogramming of fibroblasts to pluripotency. We have integrated chromatin immunoprecipitation sequencing (ChIP-seq) data with transcriptome sequencing (RNA-seq) data using cells containing reduced levels of mH2A1 and have inferred mH2A1-centered generegulatory networks that support the fibroblast and ES cell fates. We found that the exact positions of mH2A1 nucleosomes in regulatory regions of specific network genes with key regulatory roles guarantee the functional robustness of the regulatory networks. Using the reconstructed networks, we can predict and validate several components and their interactions in the establishment of stable cell types by limiting progression to alternative cell fates.
C ell identity is a reflection of cell-type-specific gene expression programs guided by unique transcription factor (TF) networks (1) . Additionally, the robustness of the transcriptional state depends on the configuration and the constraints imposed by the chromatin context in which TFs operate (2, 3) . Specifically, the local chromatin architecture, as defined by the positions and the density of the nucleosomes, varies among different cell types and thus contributes to differential regulation of gene expression by controlling the accessibility of TFs to regulatory DNA sequences (4) (5) (6) (7) . In addition, the presence of histone variants affects chromatin composition and complexity by creating specialized nucleosomes, which when localized on DNA-regulatory elements can have profound effects on nucleosome stability, protein accessibility to DNA, and cellular longevity (8, 9) .
Direct reprogramming of somatic cells to induced pluripotent stem cells (iPSCs) through the ectopic overexpression of the pluripotency-associated TFs OCT4, SOX2, KLF4, and c-MYC (OSKM), is the most extreme and best-studied example in which cell fate decisions can be manipulated and even reversed in vitro (10, 11) . Specifically, the expression of the associated TFs can destabilize the transcriptional networks of nearly every differentiated somatic cell and induce the progressive reconstitution of embryonic stem cell (ESC) transcriptional networks, which eventually lead to the establishment of an ES-like phenotype (12, 13) . Recent studies using murine somatic cells identified two major waves of gene expression changes that coincide with the repression of somatic genes at the early stage and with the activation of core pluripotency genes at the late stage (14) (15) (16) . Certainly, it has been proposed that iPSC formation follows an early and a late deterministic phase, separated by a more stochastic phase (14) (15) (16) . The efficiency of conversion into iPSCs remains extremely low (0.1 to 3%), and the acquisition of induced pluripotency is a remarkably slow process, especially in human cells (10, 11, 17) . These observations suggest that the reprogramming factors need to overcome and/or reverse a series of epigenetic barriers that have been gradually imposed on the genome during cell differentiation to stabilize cell identity and to prevent aberrant cell fate changes. Recent studies in a variety of systems examining the mechanisms of somatic cell reprogramming revealed that mesenchymal-to-epithelial transition (MET) plays an indispensable role in the initiation of this process in many cell types (18) (19) (20) . Besides cellular reprogramming, MET occurs in normal development and cancer metastasis (19, 20) . Epithelial cells and mesenchymal cells are two types of cells with distinct functions in the animal body. Epithelial cells are able to build cell junctions with their neighbors, whereas mesenchymal cells are loosely connected to each other, are more motile, and lack the apicobasal polarity of epithelial cells (19, 20) .
MacroH2A1.2 (mH2A1.2) is a vertebrate-specific histone H2A variant in which the H2A-like histone domain bears a large (~30-kDa) C-terminal globular macrodomain via a short flexible linker that protrudes from the core nucleosome structure (21, 22) . mH2A1.2 has previously been reported to block cellular reprogramming of somatic cells by maintaining pluripotency loci in a repressed state (23) (24) (25) . Moreover, genome-wide occupancy profiles show that in human keratinocytes, mH2A1.2 preferentially occupies genes that are expressed at low levels and are marked with the repression marker H3K27me3, including pluripotency-related genes and bivalent developmental regulators. Thus, the presence of mH2A1.2 at these genes prevents regaining of the activation marker H3K4me2 during reprogramming, imposing an additional layer of repression that preserves cell identity (24) . In agreement with this, the presence of mH2A1.2 has been associated with cell resistance to efficient chromatin remodeling (7) .
Despite initial observations linking mH2A1.2 to gene repression (4, 26) , recent experiments suggest that mH2A1.2 nucleosomes are involved in both positive and negative regulation of transcription. For example, the knockdown of mH2A1.2 has been reported to block the induction of genes via serum starvation (26) . Previous work from our laboratory has shown that singular mH2A1.2 nucleosomes occupy the transcription start sites (TSS) of subsets of both expressed and nonexpressed genes, with opposing regulatory consequences (3) . Specifically, mH2A1.2 nucleosomes mask repressor binding sites in expressed genes and activator binding sites in repressed genes, thus generating distinct chromatin landscapes that limit genetic or extracellular inductive signals leading to robust gene expression programs. Therefore, the strategic positions and the stabilization of mH2A1.2 nucleosomes in specific human promoters define robust gene expression patterns. In addition, mH2A1.2 is required for the activation of muscle enhancers and the recruitment of the transcription factor PBX1 (27) .
We report here that mH2A1.2 constitutes a barrier to the cellular reprogramming process (23) (24) (25) . Specifically, we demonstrate that mH2A1.2 nucleosomes contribute to the preservation of cell identity by trapping cells at the very early stages of the process, namely, during MET. MET serves as the fundamental crossroads for cell fate decision during reprogramming and is characterized by the loss of key mesenchymal features, such as N-cadherin (N-CAD), and the acquisition of key epithelial characteristics, like E-cadherin (E-CAD), thus leading to loss of adhesion, transforming the elongated fibroblasts into tightly packed clusters of rounded cells (18) . We have integrated chromatin immunoprecipitation sequencing (ChIP-seq) with transcriptome sequencing (RNA-seq) data derived from cells bearing reduced levels of mH2A1.2 and have inferred gene-regulatory networks (GRNs) that could identify the putative role of mH2A1.2 in controlling the activity of key regulators of MET during cellular reprogramming.
RESULTS
Role of mH2A1.2 in the reprogramming process. Previous studies have indicated that mH2A1.2 prevents the reprogramming process of mouse embryonic fibroblasts (MEFs) and human keratinocytes (23) (24) (25) . However, the underlying molecular mecha-nism by which mH2A1.2 blocks this process remains elusive. To address this issue, we reprogrammed mesoderm-derived human fibroblasts (hFBSs) isolated from skin biopsy specimens with a mixture of lentiviruses encoding the OSKM (OCT4, SOX2, KLF4, and c-MYC), along with a small hairpin RNA (shRNA) sequence against mH2A1 or a scramble sequence. Human iPSC colonies formed using our reprogramming platform were expanded in the absence of doxycycline (Dox) and verified for their pluripotency characteristics by examining the expression of key pluripotency factors (OCT4, SOX2, and NANOG) and by their ability to differentiate into other cell types by the addition of retinoic acid (data not shown). The knockdown of mH2A1 (mH2A1-KD) was confirmed by Western blot analyses indicating that its expression was reduced more than 90% relative to the control sample expressing the scramble sequence ( Fig. 1A ). Alkaline phosphatase (AP) staining, which marks the undifferentiated ES-like cell phenotype (28) , demonstrated an ϳ5-fold increase in the reprogramming efficiency of mH2A1-KD hFBS cells ( Fig. 1B and C) . The time course reprogramming experiment shown in Fig. 1D revealed that mH2A1-KD not only enhanced the total number of reprogrammed iPSCs that formed colonies ( Fig. 1C ) but also accelerated the kinetics of the process, since the first colonies appeared on day 9 as opposed to day 12 for the control cells. Additionally, the size of the iPSC colonies formed in mH2A1-KD cells is larger than in the control cells, implying that mH2A1.2 controls the cell cycle. These data are consistent with the fact that mH2A1.2 functions as a reprogramming barrier in human cells by blocking cell proliferation early in the reprogramming process.
To further examine the role of mH2A1.2 in the reprogramming of hFBSs to pluripotency, we tested the effect of mH2A1.2 overexpression. hFBSs undergoing reprogramming were infected with a lentivirus coexpressing mH2A1.2 and green fluorescent protein (GFP), and their reprogramming efficiency was compared to that of control reprogrammable cells infected with a lentivirus expressing GFP only (empty vector). Western blots confirmed that mH2A1.2 was expressed at ϳ20-fold higher levels than the endogenous protein ( Fig. 1E ). As predicted, the number of AP-positive colonies formed by cells overexpressing mH2A1.2 or mH2A1.1 was ϳ5-fold lower than that of control cells (Fig. 1F ). Importantly, Fig. 1G shows that cells overexpressing mH2A1.2 did not produce iPSC colonies, since GFP-positive cells maintained their initial elongated shape. In contrast, all iPSC colonies formed did not express GFP, indicating that they had not been transduced with the mH2A1.2 coexpressing GFP lentiviral vectors. As a control, we showed that lentivirus-dependent overexpression of the canonical H2A did not affect the efficiency of cellular reprogramming ( Fig. 1F and G). Taken together, our data suggest that mH2A1.2 plays a critical role in blocking cellular reprogramming, probably by intervening in early binary cell fate decisions.
The role of mH2A1.2 at the early stages of the reprogramming process. We have shown that hFBSs overexpressing mH2A1.2 become resistant to reprogramming and that KD of mH2A1 accelerates reprogramming. Therefore, we asked whether mH2A1.2 prevents reprogramming by interfering with the MET process shown to be required for reprogramming (18) . MET is characterized by the so-called "cadherin switch," which involves downregulation of N-CAD and the simultaneous upregulation of E-CAD (18, 19) . The transcription factor SNAI1 plays a critical role in the cadherin switch by directly repressing the expression of E-CAD (29, 30) . To test this possibility, we quantitated the relative expression levels of N-CAD, E-CAD, SNAI1, and NANOG in control and mH2A1-KD hFBSs during a time course reprogramming experiment. We found that in mH2A1-KD cells, expression of both SNAI1 and N-CAD is significantly reduced, whereas in contrast, the E-CAD gene expression program is shifted earlier, since its expression begins on day 3 compared to control cells, where E-CAD starts to be expressed on day 12 (Fig. 2) . Similarly, NANOG expression is shifted earlier, from day 12 in wild-type (WT) cells to day 9 in mH2A1-KD cells (Fig. 2 ). Thus, a decrease of the endogenous levels of mH2A1.2 enhances cellular reprogramming by facilitating the N-CAD-to-E-CAD transcriptional switch, which is required for MET, presumably due to the reduced SNAI1 expression levels. The data presented above are consistent with the idea that, ordinarily, mH2A1.2 controls MET by delaying and/or inhibiting the process. To further test this hypothesis, we carried out immunofluorescence staining for E-CAD in either mH2A1-KD or mH2A1.2-overexpressing hFBSs undergoing reprogramming compared to control cells. We discovered that there was no detectable expression of E-CAD in cells overexpressing mH2A1.2 (Fig. 3A, bottom) . As a result, these cells maintained their initial elongated shape, being refractory to reprogramming. In contrast, empty-GFP-vector-expressing cells expressed E-CAD and formed GFP-positive colonies up to day 18 (Fig. 3A, top) . On the other hand, in mH2A1-KD cells engineered to express GFP, E-CAD-expressing iPSC colonies were easily formed (Fig. 3B, bottom) . Notably, E-CAD-GFP-positive colonies derived from mH2A1-KD-GFP cells were formed earlier (day 9) than those derived from the control cells ( Fig. 3B , compare top 3 rows with bottom 3 rows, scramble-GFP, day 12). In summary, these data are consistent with the notion that mH2A1.2 prevents cellular reprogramming by trapping cells during MET.
Cell-type-specific distribution of mH2A1.2 nucleosomes in the hESC and hFBS genomes. To investigate how mH2A1.2 nucleosomes could inhibit cellular reprogramming, we determined their precise genome-wide localization in hFBSs and in human ESCs (hESCs) by combining micrococcal nuclease digestion of native chromatin with immunoprecipitation (native ChIP [N-ChIP]), followed by deep DNA sequencing (3). After aligning the sequences with the human genome, model-based analysis of ChIP- seq (MACS) and SICER algorithms were used in order to detect single nucleosomes and polynucleosomes (2 or more), respectively (31, 32) . Figure 4A shows that mH2A1.2 exists mainly as a component of singular nucleosomes in both cell types. A comparison of the genomic sites occupied by mH2A1.2 nucleosomes between hFBSs and hESCs . The cells were fixed at the indicated time points and stained for E-CAD (red), and nuclei were stained with DAPI (blue). GFP was coexpressed with mH2A1.2/myc-tag or the empty vector. The insets on day 18 depict human fibroblasts overexpressing mH2A1.2-GFP, which were not stained for E-CAD. However, colocalization of GFP with E-CAD was observed in empty transduced human fibroblasts, indicating that the presence of mH2A1.2 prevents the reprogramming process at the stage of MET. (B) Same as panel A except that the cells were transduced with a vector expressing shmH2A1. The insets for day 18 indicate the colocalization of GFP and E-CAD in cells expressing either scramble or shmH2A1. revealed only a small overlap (8% of hESC sites), suggesting that mH2A1.2-containing nucleosomes are distributed across the human genome in a cell-type-specific manner (Fig. 4B ). For example, Fig. 4C compares Integrative Genomics Viewer (IGV) snapshots of the same genomic region (promoter or enhancer) of six different genes between hFBSs and hESCs and demonstrates the differences and/or similarities in the mH2A1.2 nucleosome localization maps. Importantly, comparison of all the genomic sites bound by mH2A1.2 nucleosomes between mouse ESCs (mESCs) and hESCs revealed an overlap more extensive than the overlap between hFBSs and hESCs (33% of ESC sites), suggesting that mH2A1.2 nucleosomes may play similar roles in ESCs in both humans and mice ( Fig. 4D ). In contrast, the comparison of the respective genomic sites between hFBSs and MEFs revealed only a small overlap ( Fig. 4E ). Taken together, these data are consistent with the notion that mH2A1.2 plays cell-type-specific roles, which appear to be evolutionarily conserved between humans and mice.
The biological processes associated with the mH2A1.2 gene targets in hFBSs are different from those in hESCs (Table 1 ). More specifically, in hESCs, the mH2A1.2 target genes are mainly implicated in phosphoprotein regulation and various nuclear functions, such as chromatin/chromosome organization and histone core stress response, cell cycle, cell proliferation, and negative regulation of cell development. On the other hand, the genes bound by mH2A1.2 in hFBSs are implicated in glycoprotein regulation, cell differentiation, cell signaling, fibroblast growth factor receptor signaling, and mesenchyme development, including keratins, extracellular matrix, and cell surface molecules. Thus, it seems that in each cell type, mH2A1.2 marks genes that are related to the characteristic phenotype of that cell type. Furthermore, the common mH2A1.2 target genes between these cell types are associated mainly with cell signaling cascades ( Table 2 ). On the other hand, the common mH2A1.2 target genes between hESCs and mESCs are implicated in phosphoprotein regulation, stress response, chromatin organization, cell cycle, etc. (Table 3) , while the common mH2A1.2 target genes between hFBSs and MEFs are associated with regulation of gene expression via chromatin alterations and with housekeeping functions (Table 4 ). Taken together, these data suggest that mH2A1.2 nucleosomes may have cell-type-specific regulatory functions in hFBSs and hESCs but that they share similar functions in hESCs and mESCs. Therefore, mH2A1.2 could block cellular reprogramming by modulating, directly and/or indirectly, the expression of cell-specific genes.
Next, we calculated the average frequency of mH2A1.2 binding to all transcriptional units of the mH2A1.2 targets from 5 kbp upstream to 5 kbp downstream of the TSS in hESCs and hFBSs. Figure 5A shows that single mH2A1.2 nucleosomes preferentially associate with the region spanning 250 bp on either side of the TSS in hESCs. In contrast, singular mH2A1.2 nucleosomes were rare in regions localized farther upstream or downstream of the TSS. On the other hand, in hFBSs, there was no preference for mH2A1.2 nucleosome binding at the TSS of the mH2A1.2 target genes.
Subsequently, all mH2A1.2 target genes in the two cell types were divided into quartiles according to their expression levels, as determined by RNA sequencing, while genes with zero reads were classified into a fifth group (33, 34) . The genes in the last group, together with the genes of the first quartile (with very low expression values), were considered nonexpressed genes. As depicted in Fig. 5B , we discovered that most (65%) of the mH2A1.2 target genes in hFBSs were not expressed, whereas most (80%) of the mH2A1.2 target genes in hESCs were expressed. Importantly, our analysis also revealed that an expressed gene in hESCs had a higher probability (P Ͻ 0.001) of being a target of mH2A1.2 than a nonexpressed gene in hFBSs (14% and 7%, respectively), as determined by performing a chi-square test. Figure 5C shows that the mH2A1.2 nucleosome binding frequencies were significantly higher for the promoters of midlevel or highly expressed genes than for the promoters of low-level or nonexpressed genes in hESCs. In addition, as the expression levels of the genes increased, so did the number of genes in which mH2A1.2 nucleosomes were located in the TSS area. Importantly, the relative positions of the mH2A1.2 nucleosomes appeared to be similar in all expressed genes regardless of their actual expression levels, whereas mH2A1.2 nucleosomes were rare at TSS of nonexpressed genes.
To investigate the relationship of the histone variants mH2A1.2 and H2A.Z with the repressive histone marker H3K27me3, we compared our mH2A1.2 ChIP-seq data with those for H2A.Z and H3K27me3 from hESCs and hFBSs, as determined by the ENCODE project (http://genome.ucsc.edu/). Remarkably, our comparative analysis revealed that 50% of all of our mH2A1.2 target genes in hESCs are also targets for H2A.Z nucleosomes. Of these, 86% correspond to expressed genes (Fig. 6A, left) , while in hFBSs, the H2A.Z nucleosomes are found in ϳ30% of the mH2A1.2 target genes without a preference for expressed or nonexpressed genes (Fig. 6A, right) . On the other hand, the repressive histone modification H3K27me3 marker is found in only 11% and 24% of all mH2A1.2 target genes in hESCs and hFBSs, respectively ( Fig. 6A ). Taken together, these data support the notion that mH2A1.2 and H2A.Z nucleosomes share target genes expressed in hESCs, whereas H3K27me3 marks nonexpressed mH2A1.2 target genes in hFBSs. Next, we determined the exact positions of H2A.Z nucleosomes relative to the mH2A1.2 nucleosomes for the expressed and nonexpressed genes in hESCs and hFBSs. As seen in Fig. 6B (top left), we found that two H2A.Z nucleosomes flank the single mH2A1.2 nucleosome located at the TSS of expressed genes in hESCs, whereas the presence of mH2A1.2 and H2A.Z nucleosomes was rare in these regions in low-level or nonexpressed hESC genes (Fig. 6B, bottom left) . Interestingly, despite the lower number of target genes, the relative distribution of H2A.Z in hFBSs is similar to that in hESCs in either expressed or nonexpressed genes (Fig. 6B, right) , thus differing from that of mH2A1.2 (compare Fig. 5C with 6B ).
Next, we compared the DNA sequences underlying mH2A1.2 nucleosomes in expressed and nonexpressed genes in hESCs and discovered that in both cases, mH2A1.2 nucleosomes mask activator and repressor binding sites ( Fig. 7A and B) . Remarkably, mH2A1.2 nucleosomes mask the transcriptional activator's NRF1 binding sites in repressed genes with a probability much higher ( Fig. 7A , P values) than the probability of masking other activator binding sites in either expressed or nonexpressed genes in hESCs ( Fig. 7A and B) . Similarly, mH2A1.2 nucleosomes mask the transcriptional repressor's LHX8 binding sites in repressed genes. Paradoxically, the total number of activator binding sites masked by mH2A1.2 nucleosomes in expressed genes is significantly higher than the respective number of repressor binding sites (Fig. 7C ). On the other hand, in hFBSs, repressor binding sites are masked in expressed genes, whereas there is no preference for the masking of activator binding sites in expressed or nonexpressed genes ( Fig. 7D and E) .
In addition, the total number of activator binding sites masked by mH2A1.2 in nonexpressed genes is higher than the respective number of repressor binding sites (Fig. 7F ). Taken together, these data imply that mH2A1.2 nucleosomes play a direct bifunctional role in positive and negative control of transcription. Identification of an mH2A1.2-regulated gene-regulatory pathway active in MET during cellular reprogramming. Next, we examined the 197 genes that are commonly bound by mH2A1.2 in hESCs and hFBSs (Fig. 4B ). We found that 96 genes (49%) were not expressed in both cell types, whereas 77 genes (39%) were expressed in both hFBSs and hESCs. Intriguingly, the nonexpressed genes belong to a class of effectors associated with the negative regulation of gene expression via chromatin alterations (Table 5) , whereas the expressed genes appear to control housekeeping functions, such as cell signaling and splicing (Table 6) .
Remarkably, we discovered that the remaining 24 commonly mH2A1.2-bound genes displayed opposite expression patterns in hESCs and hFBSs. Among these, 15 genes displayed the most significant opposite expression patterns, and 6 of these genes were expressed in hFBSs and not in hESCs (IL-16, FGF1, GSG1, FANK1, FITM2, and C8ORF46 genes), whereas 9 genes were expressed in hESCs but not in hFBSs (NOTCH4, FGD3, SLC7A2, MAGEL2, ASB2, PTPRO, LMO3, HIF3A, and RTBDN genes) ( Fig. 8 ). In addition, 7 out of the 15 genes displayed similar expression patterns in both mESCs and hESCs, implying that they may have an evolutionarily conserved function (Fig. 8B ). Furthermore, mH2A1.2-containing nucleosomes bound at distinct sites at the promoters of these genes (Fig. 8A) , masking mainly activator binding sites (Fig. 8C ). For example, in the case of FITM2, the mH2A1.2 nucleosome masked the activator sites of SP4 and SREBF2 in the nonexpressing hESCs, whereas the same sites were nucleosome free in the expressing hFBSs ( Fig. 8A and C) . On the other hand, in the case of NOTCH4, the mH2A1.2 nucleosome masked the NRF1/EGR1 activator sites in the nonexpressing hFBSs, whereas the same sites were nucleosome free in the expressing hESCs ( Fig. 8A  and C) . In general, the region spanning 2 kbp on either side of the TSS of the expressed genes in hFBSs was free of mH2A1.2 nucleosomes, whereas the opposite was true for the same region in hESCs. Reciprocally, the region spanning 2 kbp on either side of the TSS of genes expressed in hESCs was free of nucleosomes, whereas the same regions containing activator binding sites were masked by mH2A1.2 nucleosomes in the nonexpressed genes in hFBSs (Fig. 8C) . Although our studies on mH2A1.2 nucleosome occupancy provide various mechanistic insights, they do not provide a global view of how mH2A1.2 blocks cellular reprogramming. To do so, we integrated gene interaction data from publicly available databases with gene expression data from all available databases, along with our ChIP-seq and RNA-seq experiments, and we reconstructed a GRN centered around genes that are key factors of cellular reprogramming and direct downstream targets of mH2A1.2. The integration process resulted in the establishment of distinctive GRNs for hESCs and hFBSs composed of 33 nodes and 86 edges ( Fig. 9 ). We focused on key connector nodes with known roles in MET, like SNAI1, TWIST1, TGFB1, HIF3A, etc., and discovered high interconnectivity of mH2A1.2 with transcription factors previously known to block reprogramming, like p53 (35) ; to stabilize cell fate, like JUN (36); to regulate the cadherin switch, like SNAI1 and TWIST1 (20, 37) ; and others. These data are consistent with the existence of highly regulated nodes defined by the actions of a diverse set of genes with modulatory and effector activities.
Our GRN representations connect the specific set of 15 mH2A1.2 target genes identified by ChIP-seq that display opposite expression patterns in hFBS and hESCs with known regulators of cell fate determinants. Nearly all previously known regulators of hFBS and hESC identity were predicted to be under the combined control of two or more regulators (Fig. 9) , some of which are directly regulated by mH2A1.2 (e.g., JUN and TP53 in hESCs and SNAI1 in hFBSs) and/or indirectly regulated, as H2A1.2 regulates their regulators. The visualization of our hFBS and hESC GRNs revealed an architecture in which most of the key cell fate regulators are localized at the center of each network, whereas the mH2A1.2 target genes are placed at the peripheries of the networks. Thus, mH2A1.2 appears to function as a gatekeeper of cell fate, a notion consistent with its previously defined role in generating robustness in gene expression (3) .
DISCUSSION
We report here that mH2A1.2 is a negative regulator of human cell reprogramming by blocking MET. We provided a comprehensive analysis of the genomic sites occupied by mH2A1.2 nucleosomes in hFBSs and in hESCs and how they affect the reprogramming of hFBSs to pluripotency. We have reconstructed mH2A1.2-centered GRNs that support the hFBS and hESC fates. Our data show high complexity of mH2A1.2-centered GRNs in hFBSs and hESCs, with distinct factors playing critical roles in specifying each cell type by promoting and/or limiting progression to alternative cell fates. We propose that the exact positions of mH2A1.2 nucleosomes in specific genes with key regulatory roles guarantee the robustness of both networks.
Previous studies have demonstrated that mH2A1.2 acts as a barrier to cellular reprogramming of both mouse embryonic fibroblasts and human keratinocytes (23) (24) (25) . However, human keratinocytes represent an epithelial cell type, which, in contrast to hFBSs, may not need to go through MET to be reprogrammed (38) . Here, we demonstrated that mH2A1.2 blocks reprogramming of hFBSs by affecting both the efficiency and the kinetics of the process. We demonstrated that in mH2A1-KD cells the N-CAD-to-E-CAD switch occurs earlier than in WT cells and that mH2A1.2 overexpression blocks the activation of E-CAD expression without affecting N-CAD expression. Furthermore, we showed that E-CAD is not a direct target of mH2A1.2 but that its expression is affected by a gene-regulatory network influenced by mH2A1.2 nucleosomes controlling the expression of key regulatory genes, like the SNAI1 gene.
The presence of mH2A1.2 nucleosomes correlates with nonexpressed genes in hFBSs, while in hESCs, it is related to expressed genes. As the expression levels of the hESCs genes increase, so does the number of the genes bearing mH2A1.2 nucleosomes around their TSS. Therefore, other factors, such as chromatin modifications or other histone variants and/or transcription factors, may play an essential role in the deposition of mH2A1.2 on the genomes of different cell types. Our analyses revealed that H2A.Z-containing nucleosomes flank the singular mH2A1.2 nucleosomes at the TSS of expressed genes in hESCs, whereas in hFBSs, the two histone variants appear to be segregated. In general, in hFBSs, mH2A1.2 nucleosomes mask activator binding sites in nonexpressed genes, whereas in expressed genes they mask repressor binding sites. Consistent with this is the observation that mH2A1.2 nucleosomes colocalize with the repressive histone marker H3K27me3 at pluripotency-related genes in MEFs (25) . Similarly, we found that mH2A1.2 and H3K27me3 coexist in nonexpressed genes in hFBSs, in agreement with previous results in human keratinocytes (24) .
We inferred that mH2A1.2-centered cell-specific GRNs are key components in understanding biological processes. The hFBS and the hESC cellular phenotypes are established and maintained by the temporal regulation and dynamics of networks of coregulated genes. Key regulators in the two networks are mH2A1.2 target genes involved in maintaining the hFBS and hESC identities. Our data are consistent with the notion that the differential expression of these key genes results in the establishment of distinct GRNs that uniquely determine the hFBS and hESC phenotypes. Specifically, the SNAI1 gene is an mH2A1 target gene in hFBSs, and its expression is maintained at steady-state levels by mH2A1.2, since mH2A1.2-KD decreases its expression ( Fig. 8B ). Furthermore, in hFBSs, the GRN implies that the mH2A1.2-dependent robust expression of FGF1 and SNAI1 reinforces the mesenchymal phenotype, along with the sustained expression of TWIST1 and ZEB1, all of which are required for E-CAD repression (20, 29, 30, 37, (39) (40) (41) (42) (43) . At the same time, the network ensures that HIF3A and NOTCH4 (44, 45) are repressed in an mH2A1.2-dependent manner, and thus, the pluripotency factors OCT4 and SOX2 remain repressed. In summary, our hFBS network suggests that the high expression levels of JUN, which inhibits reprogramming by stabilizing the hFBS cell state (35) , are maintained by the direct and/or the indirect effects of the mH2A HIF3A, SLC7A2, FANK1, IL-16, FGF1 and SNAI1 target genes (46) (47) (48) (49) (50) (51) .
The hESC state is characterized by the absence of TWIST1 expression due to the presence of mH2A1.2 nucleosomes and, consequently, by the lack of ZEB1 expression, all of which lead to derepression of E-CAD expression (52) . Notably, the knockdown of mH2A1.2 does not significantly affect the expression of TWIST1 in mESCs (Fig. 8B) . Thus, the low levels of SNAI1 expression in the inhibition of E-CAD transcription are counterbalanced by the higher expression levels of KLF4, which induce the transcription of E-CAD (53) . In hESCs, the mH2A1.2-dependent expression of HIF3A and NOTCH4 contributes to the expression of KLF4, which regulates the expression of E-CAD and induces the expression of the pluripotent OCT4 and SOX2 genes. In addition, the mH2A1.2suppressed FGF1 expression leads to attenuation of the TGFB1 pathway required for the expression of ZEB1 and TWIST1. Notably, TP53 and JUN genes constitute mH2A1.2 target genes in hESCs displaying high levels of expression. p53 blocks MET (35), although its transient suppression increases reprogramming efficiency (54) . In agreement with this, p53 suppresses the expression of OCT4 and SOX2 (55) . Therefore, our network suggests that MYC may act as an intermediate between the mH2A1.2 targets JUN and TP53, as JUN increases the expression of MYC, whereas p53 suppresses MYC expression ( Fig. 9A and B) .
Our GRNs provide essential insights into the factors and the role of mH2A1.2 nucleosomes in establishing specific cell fates. However, the actual molecular mechanism by which this could occur remains elusive because of the limited specificity displayed by metazoan transcription factors and by the extensive cross talk of signaling pathways (1) . Thus, the robustness of regulatory networks must depend on increased specificity of molecular recognition events leading to reduction of noise and erroneous alterations in gene expression. Furthermore, as regulatory systems grow in size and complexity with evolution, the number of potentially noisy interactions grows as well. As a result, biological systems have developed constraints to minimize noisy interactions and increase robustness. In this regard, our GRNs provide clues concerning the outer limits of the network and how they are defined to ensure reliable gene expression. We note that cross-interactions between components of our GRNs and other regulators could disturb the robustness of the networks and lead to erroneous gene expression with significant consequences for cell fate determination. We found that the presence of mH2A1.2 nucleosomes in the regulatory regions of GRN genes that either "feed" the network or play important roles in on/off switches guarantees less expression noise and, thus, reliable gene expression. Furthermore, our finding that the ESCspecific deposition of mH2A1.2 nucleosomes at the promoters of JUN and TP53 genes, which are known to inhibit reprogramming (35, 36) and which have multiple specific regulatory partners (hubs) in our GRN, ensures that mH2A1.2 can buffer their expression variability to avoid nonspecific interactions and the subsequent loss of the stemness phenotype, since JUN and p53 could function as cross talk interaction points with other, irrelevant networks. We propose that the presence of mH2A1.2 nucleosomes reduces cross talk by restricting the access of transcription factors exclusively to cognate sites.
We have previously demonstrated that composite mH2A1.2 nucleosomes containing the transcription factor NRF-1 can buffer transcriptional noise by blocking lowaffinity and unwanted access of transcription factors to "undesired" regulatory elements, which could interfere with gene expression programs (3) . Here, we also showed that mH2A1.2 nucleosomes are bound with extreme cell type specificity to regulatory regions of genes that play key roles in the establishment of cell fate. Transcription factors like NRF-1 and LHX8 facilitate the assembly of such high-affinity bound mH2A1.2 nucleosomes. We postulate that the reconstructed GRNs acquire functional robustness, at least via the ability of strategically positioned mH2A1.2 nucleosomes on key regulatory genes to minimize variability in gene expression despite the existence of extensive cross talk between the various factors perturbing the normal system.
MATERIALS AND METHODS
Cell culture. Primary human fibroblasts (XY) were isolated from adult forearm skin by biopsy, cultured, and expanded in fibroblast medium consisting of Dulbecco's modified Eagle's medium (Sigma) supplemented with 15% fetal bovine serum (Gibco), 2 mM L-GlutaMAX (Gibco), 0.1 mM minimal essential medium (MEM) nonessential amino acids (Gibco), 1% penicillin-streptomycin (Gibco), and 0.1 mM beta-mercaptoethanol (AppliChem).
The human ESC line HuES3 (XY) (56) was maintained on a feeder layer of mitomycin C (Sigma)inactivated mouse embryonic fibroblasts. Human ESCs and human iPSCs derived from human fibroblasts were grown in ESC medium consisting of Dulbecco's modified Eagle's medium, nutrient mixture F-12 (Gibco) supplemented with 20% knockout serum replacement (Gibco), 2 mM L-GlutaMAX, 0.1 mM MEM nonessential amino acids, 1% penicillin-streptomycin, 0.1 mM beta-mercaptoethanol, and 10 ng/ml recombinant human fibroblast growth factor-basic (bFGF) (Pepro Tech).
Viral constructs and lentivirus production. The cassette containing the 4 human Yamanaka factors (OSKM, linked by 2A peptides, T2A, P2A, and E2A, respectively) (57) was cloned into a Dox-inducible lentiviral vector. Briefly, the cassette was amplified by PCR, using Phusion high-fidelity DNA polymerase (Thermo Fisher Scientific), from the pLM-CMV-fsv2a vector (57) with the following primers: F, 5=-GAGAGAAT TCGTTATGGCGGGACACCTGG-3=, and R, 5=-GATTGAATTCTCACATGTGTGAGAGGGGC-3=. The PCR product was digested with AgeI/SalI enzymes and subsequently ligated into the FUW-TetO vector (Addgene; 20321) digested by the same enzymes. The reverse tetracycline transactivator M2rtTA was expressed under a constitutively active human ubiquitin C promoter from the FUW-M2rtTA vector (Addgene; 20342).
The shRNAs targeting exon 9 of the mH2A1 gene affect the expression of both mH2A1 isoforms, mH2A1.1 and mH2A1.2 (shmH2A1), and the nonsense targeted sequences (scramble) were cloned into the TRC2-pLKO.1 vector (Sigma) in the AgeI/EcoRI multiple-cloning site. The same shRNAs were cloned into another TRC2-pLKO.1 vector in which GFP was cloned before the puromycin sequence, as previously described (58) . The sense/antisense primers that were used for shmH2A1 were pLKO.1 mH2A1 sense, 5=-CCGGCCAGTTACTTCGTGTCTACAACTCGAGTTGTAGACACGAAGTAACTGGTTTTTG-3=, and pLKO.1 mH2A1 antisense, 5=-AATTCAAAAACCAGTTACTTCGTGTCTACAACTCGAGTTGTAGACACGAAGTAACTGG-3=, and for scramble they were pLKO.1 scramble sense, 5=-CCGGAACAGTCGCGTTTGCGACTGGCTCGAGC CAGTCGCAAACGCGACTGTTTTTTTG-3=, and pLKO.1 scramble antisense, 5=-AATTCAAAAAAACAGTCCGTT TGCGACTGGCTCGAGCCAGTCGCAAACGCGACTGTT-3=.
The construct that bears the cassette containing mH2A1.2-myc-His-internal ribosome entry site (IRES)-GFP (mH2A1.2/myc-tag) or no insert (empty) was previously described (3). To generate the H2A-myc-his-IRES-GFP lentivirus, we subcloned the H2A gene obtained by PCR using Q5 High-Fidelity DNA polymerase (New England BioLabs) from human genomic DNA with primers F, 5=-GAGAAGCGCTA GTTATGTCTGGGCGTGGC-3=, and R, 5=-ACCGGTCAGATCTTCTTCAGAAATAAGTTTTTGTTCCTTGCCCTTCGCC TTGTGGTGGCTC-3=.
For the production of viral particles, 293T cells were cotransfected by the classical calcium-phosphate method at 20 to 30% confluence with a mixture of viral plasmids bearing the gene of interest and packaging constructs, such psPAX2 (Addgene; 12260) and pMD2G (Addgene; 12259). The medium was replaced 24 h after transfection, and the virus-containing supernatant was collected at 72 h, filtered through a 0.45-m filter, and used for lentiviral infection.
iPSC derivation. Human fibroblasts were seeded 24 h before transduction in a 10-cm dish. Twentyfour hours later, the cells were infected with a mixture of virus supernatant containing the OSKM factors, M2rtTa, and either the shmH2A1 or scramble or either the mH2A1.2/myc-tag or empty vector in a ratio of 1:1:1 in the presence of 6 g/ml Polybrene. The culture medium was changed after 24 h, and 2 days later, the human fibroblasts were replated on Matrigel (Corning)-coated dishes. Day 0 was determined when Dox (Sigma) was added to the medium. It was added until day 30. Until day 7, the cells were grown in fibroblast medium. From day 8 to day 19, the cells were cultured in ESC medium supplemented with
